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ABSTRACT 
 
The apparent yield strength anomaly in the B2 YCu intermetallic compound is shown not 
to be a yield point anomaly at all, but rather a phenomenon resulting from the work 
hardening behavior in YCu, which was found to rise with rising temperature and to drop 
with increases in strain rate.  This effect is shown to occur over temperature ranges where 
YCu has negative strain rate sensitivity, result in dynamic strain ageing behavior, and the 
effect is shown to be irreversible when the testing temperature is changed.  Neutron 
diffraction experiments utilizing SMARTS and HIPPO show the evolution of texture and 
the change in plastic deformation behavior as the temperature is raised.  
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CHAPTER 1. MECHANICAL PROPERTIES OF B2 COMPOUNDS 
 
Introduction 
The availability of appropriate materials governs the pace of technological advance.  Materials 
known as intermetallics hold much potential to improve the performance of engineering systems, 
but as one observer put it this way, "Intermetallics are the materials of the future...and they 
always will be." This somewhat cynical comment stems from the notorious brittleness and low 
fracture toughness of most intermetallic compounds, which makes them difficult to use for 
structural applications.  
The term ‘intermetallic compound’ describes materials with periodic crystalline lattice structure 
composed of two or more metallic elements. Although intermetallic compounds are present in 
most commercial alloys, the term “intermetallics” is little more than a century old as shown by 
this selection from the Oxford dictionary: 
intermetallic a. Also inter-metallic (with hyphen). [f. INTER- 4 c + METALLIC a. and 
sb.]  Applied to compounds formed from two or more metals. Hence as sb., and 
intermetallic compound. 
 
1900 Rep. Brit. Assoc. Adv. Sci. 1900 131 Most students of alloys are now 
convinced that they often contain definite chemical compounds, yet these 
‘intermetallic’ compounds are still passed over in silence by...books on 
descriptive chemistry.   
 
1923 U. R. EVANS Metals & Metallic Compounds I. 198 Intermetallic 
compounds are rarely- if ever- formed between two metals belonging to the same 
group of the periodic table. 
 
1937 Chem. & Industry XV. 677/I A consideration of the formulae of typical 
intermetallic compounds…shows at once that their formation is not governed by 
the simple rules of valency. (1) page 337 
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Intermetallic compounds offer great potential as engineering materials because they often have 
higher melting temperatures, better oxidation resistance, and better high-temperature strength 
than ordinary metals. One important application utilizing these attractive properties of 
intermetallic compounds is aircraft combustion zone turbine blades.  Current nickel-based 
‘superalloys’ derive their high strength and creep resistance at elevated temperatures from the 
large volume percent of γ’ (nominally Ni3Al) intermetallic L12 phase (2).   This intermetallic is 
commercially useful because it is embedded in a ductile metallic Ni solid solution matrix.  
Though the ductile metal softens at higher temperature, the L12 phase hardens as the temperature 
increases. Commercial application of bulk intermetallic compounds is rare, largely because their 
low ductility and low fracture toughness at room temperatures severely limits their fabricability 
during manufacture and their reliability in service. 
 
Ductile Rare Earth Intermetallics 
In the early 1990’s Dr. John Barclay, of Astronautics Corporation of America, told K. 
Gschneidner that they were unable to pulverize an arc-melted button of GdPd for a magnetic 
refrigerator regenerator bed of small particles.  In February 2000, while studying the ErCu 
intermetallic compound as a regenerator material for low temperatures, < 20 K, cryocooler, K. 
Gschneidner remembered Barclay’s comment and then Gschneidner tested ErCu to see if it was 
brittle or somewhat ductile. When a hammer was swung at the sample, it dented rather than 
fracturing (3).   X-ray diffraction of the bulk metal showed that the ErCu alloy had the cubic CsCl 
B2 type crystal structure (4).  There are about 130 rare-earth B2 intermetallics (Figure 1.1), and 
Gschneidner’s discovery of ductility in ErCu suggested that many of the other B2 rare earth 
compounds might also be ductile.  In Figure 1.1, the transition metals I-VIII are shown in the 
different columns.  Each box is further subdivided with regions for fourteen of the fifteen 
lanthanide metals (Pm, which is radioactive, is not included) as well as scandium and yttrium.  
Boxes highlighted in red indicate that the 50-50 at. % compound comprised of these two elements 
has the B2 structure. 
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Though some ductility had been reported in a small number of other B2 intermetallics, these rare-
earth B2 intermetallics were novel in that they were line compounds that tolerated no appreciable 
deviation from equi-molar composition. Other intermetallics had been shown to be ductile when 
the composition was off stoichiometry: Ni3Al, Ni3Ga, Co3Ti and Ni3(Al0.52Mn0.48) (5).  NiAl’s 
tensile ductility was increased from negligible to 2% when the composition was changed to 50.3 
at. % Al.  This ductility was further increased to 40% when strained at 873 K (6).  Samples tested 
in dry atmospheres to avoid moisture-induced environmental embrittlement also showed better 
tensile elongation.  This was shown in Fe-36.5%Al in which tensile elongation was improved 
from 2% to nearly 18% when tested in oxygen rather than air and doped with boron to strengthen 
grain boundaries (7).  CoZr, carefully work hardened, annealed, and stoichiometrically balanced, 
shows 23% tensile ductility at room temperature when tested in vacuum (8). 
The rare earth metals discovered by Gschneidner et al. were different in that they were single 
phase, fully ordered, and tested in air of normal humidity at room temperature.  Subsequent 
research on these rare-earth B2 intermetallics has investigated these compounds’ slip systems 
(4)(9), dislocation behavior(4)(9)(10), fracture toughness(4)(11), oxidation behavior(12), and 
strain rate sensitivity.  The research described in this dissertation deals with the yield point 
anomaly in YCu in which the flow stress and strain hardening increase as the testing temperature 
rises from room temperature to 550 K. 
 
B2 Slip Systems 
The B2 intermetallic (Figure 1.2) structure is similar to the body centered cubic (bcc) structure, 
with each unit cell composed of a cubic arrangement of atoms with an additional atom at the 
center of the unit cell.  Unlike the bcc arrangement where all the atoms are of the same element, 
in the B2 structure the central atom is of a different element.  This structure can also be thought of 
as two interpenetrating simple cubic lattices with element A on all the  sites and element B on 
the β sites.  The atomic ordering of the B2 alloy is a result of the sum of two AB bonds being 
lower than the energy of an AA and a BB bond.  
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polycrystalline material, high ordering-energy B2 intermetallics typically have little or no 
ductility at room temperature. This <001> slip direction is the only dislocation that has been 
confirmed in YCu (4).  Even though it was shown to deform on both the (100) and (110) planes, 
deformation on these planes alone would normally indicate low ductility.  However, tensile 
ductility of over 10% has been seen in YCu(4), suggesting that some other deformation 
mechanism may be active.  In YAg, which also has the B2 crystal structure, <111> dislocations 
have been reported (14).  These results have not been replicated in YCu. 
 B2 intermetallics with low ordering energy such as CuZn and FeCo deform by the activation of 
the <111> slip direction on the (110) planes which provides five independent slip systems 
resulting in the possibility of higher ductility.  Baker and Munroe proposed that the positive 
temperature dependence of flow strength in the lower ordering energy intermetallics is caused by 
the activation of the <111> superlattice dislocation dissociating into two ½<111> superpartials 
connected with an anti-phase boundary (15). 
Investigations of CoTi (16) (17), CoZr (18) (19) and CoHf  (20),  show that these intermetallics 
also deform by activation of the <100> slip direction.  This means they are likely to be highly 
ordered, and yet they also show positive temperature dependence in the flow stress. 
This indicates that the core structure of the <100> dislocation and the dynamic response under 
stress at high temperatures influences the flow stress in these intermetallics. 
 
Creep in B2 Intermetallics 
Table 1.1 shows the activation energies for creep, ΔH, and stress exponents, n, for secondary or 
steady-state creep of several B2 alloys and also α-iron.   The data was derived by fitting data to 
the Dorn equation for the secondary strain rate, 
   


 


RT
H
G
A
n
exp
   Equation 1.2 
where A is a constant, σ is applied stress, G is the shear modulus, n is the stress exponent, ΔH is 
the activation energy for creep, T is absolute temperature and R is the gas constant. 
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This data shows that the creep behavior of B2 intermetallics is similar to that of -iron which 
indicates that the diffusion behavior of YCu might also be similar. 
Table 1.1 Creep data for B2 intermetallics 
Alloy Structure ΔH (kJ/mol) Δ H / RTm n Reference 
CuZn Ordered 160 17 3.5 (21) 
CuZn Disordered 97 10 3.5 (21) 
FeCo-V Ordered 689 47 4.6 (21) 
FeCo-V Disordered 395 27 4.6 (21) 
AgMg Ordered 213 23 5.7 (22) 
FeAl Ordered 453 34 3or 6 (23) 
NiAl Ordered 310 20 5.5 (24) 
CoAl Ordered 310 20 4.7 (25) 
α-iron Disordered 352 23 4.6 (26) 
 Table taken from (15)  
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Elastic Properties 
The elastic constants of YCu are shown in Table 2.1. The calculated values were obtained with an 
ab initio all electron code (WIEN97), and the experimental values were measured using 
longitudinal and shear acoustic waves (2). 
 
Table 2.1 Experimental and calculated lattice parameters and elastic constants of YCu (Gschneidner, et al., 
2003) 
 
YCu 
calculated 
for 0 K 
YCu experimental 
values at room 
temperature 
% difference 
between theoretical 
and experimental 
Lattice Parameter (Å) 3.478 3.476 0.06 
C11 (GPa) 116.4 116.0 0.34 
C44 (GPa) 34.5 31.9 7.54 
C12 (GPa) 47.4 47.7 -0.63 
Bulk Modulus E (GPa)  70.4 70.5 -0.14 
  
In his review of B2 alloys, Baker makes the statement that all B2 alloys are anisotropic (3); the 
degree of anisotropy is measured using Zener’s parameter: 
࡭ ൌ ૛࡯૝૝࡯૚૚ି࡯૚૛                                          Equation 2.1 
C44 is the resistance to deformation if a shearing stress is applied on the (100) plane in the [010] 
direction and ½(C11-C12) is the resistance to deformation if a shear stress is applied on the (110) 
plane in a ሾ11ത0ሿ direction.  When Zener’s parameter is calculated for YCu, it is quite close to 1 as 
shown in Table 2.2.   
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Table 2.2 Zener’s parameter for several intermetallics 
B2  Zener's parameter 
YCu  0.93
YAg  1.36
NiAl  3.28
AgMg 3.47
CuZn 4.95
AuZn 5.92
AuCd 11.86
 
The isotropy of YCu and other rare earth intermetallics’ elastic properties has been suggested as a 
reason for their ductility (2).  A plot of Zener’s parameter vs. Poisson’s ratio is shown in Figure 
2.2.  The region between the two dotted lines containing several rare earth intermetallics and 
several metals is a proposed “zone of ductility” displaying the elastic differences between the rare 
earth intermetallics and other intermetallics compounds.  Figure 2.1- 2.3 show several additional 
intermetallic compounds for comparison. 
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Fracture Toughness 
Fracture toughness measurements were reported by Zhang et al. (5) for YCu in 2005 as shown in 
Table 2.3.  YCu’s fracture toughness is quite low compared to most ordinary metals, but it is high 
enough to allow some tensile ductility. 
Table 2.3 Fracture toughness for several B2 intermetallics 
Intermetallic 
compound 
KIC fracture 
toughness, MPa·m1/2  Source 
NiAl 5.1-6.4 (6) 
Fe50.3 Al 25 (7) 
Fe 35Al, tested 
in air 32.8 (8) 
Fe 35Al, tested 
in oxygen 104.6 (8) 
YCu  12 (5) 
YAg  19.1 (5) 
DyCu 25.5 (5) 
 
Background for Present Work 
Tensile tests conducted on YCu by Dan Barnard of Ames Laboratory showed a 35% increase in 
the tensile strength of YCu as the testing temperature was increased from room temperature to 
400C.  A plot of these results is shown in Figure 2.4 and Figure 2.5.  The increase in strength is 
unusual; the tensile strength decreases in most metallic materials as the testing temperature rises 
(Figure 2.6).  The initial tensile tests of YCu at different temperatures suggested that these results 
were worth investigating so that the mechanism responsible for this behavior could be 
determined.   
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For heat treating, two of the samples, YCu-1 and YCu-2 were sealed in quartz tubes with a 
helium atmosphere and an yttrium getter and were annealed at 700ºC for 100 hours.  At this point, 
YCu-1 was quenched in ice water so as to retain its 700ºC vacancy concentrations.  The second 
sample, YCu-2 was then annealed at 450ºC for 150 hours, then cooled at a rate of 1ºC per minute 
to room temperature.  Samples YCu-3 and YCu-4 were not heat-treated so that they would retain 
the hot-worked microstructure.  Samples 5 and 6, which contained additional carbon, were 
annealed in a sealed quartz tube at 700ºC for 100 hours and furnace cooled to room temperature.  
The interstitial impurities of the samples are shown in Table 2.4.  
Table 2.4 Interstitial impurities in YCu samples analysis was done by the Materials Preparation Center, Ames 
Laboratory.  No data was taken for sample 3. 
 Impurity concentration ppm by weight 
Sample Oxygen Nitrogen Carbon 
1 295 10 81 
2 377 12 68 
3    
4 447 28 65 
5 463 117 162 
6 504 144 148 
    
Photographs of the microstructure were obtained by polishing the sample with AlSi sanding paper 
to 1000 grit and then polishing with alumina slurry down to 0.05μm particle size.  Grain 
boundaries were then imaged in highly polarized light and 8 second exposures.  A micrograph of 
annealed sample 2 is shown in Figure 2.7 and a micrograph of unannealed sample 4 is shown in 
Figure 2.8.  The grain diameter for the annealed samples was 12710 μm, and the grain size for 
the unannealed samples was 16030 μm. 
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the increase in the stress seen in the tensile data was not just the result of increased ductility at 
higher temperatures, but evidence that something was affecting the flow stress as the temperature 
rose. 
Strain rate jump tests were performed by changing the rate of load by factors of 10-100 during the 
test.  When performed on the Instron load frame, these transitions could be performed nearly 
instantaneously.  On the MTS load frame the transition took 8-10 seconds. 
973 K Annealed, Hot Rolled YCu 
Sample 2, 68 ppm Carbon
Compression Tested at a  Strain Rate of 10-2s-1  
Strain
-0.25-0.20-0.15-0.10-0.050.00
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, M
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Figure 2.9  Compression tests in YCu 
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CHAPTER 3. YIELD STRENGTH ANOMALIES  
 
Introduction 
In 1953, Ardly and Cottrell first published an account of a yield strength anomaly (YSA). In their 
investigation of B2 CuZn β-brass, they noted that the flow stress was a function of temperature 
and that the flow stress rose from 50C to 200C (1).  The peak was later confirmed as 493 K 
(220C) (2). This YSA occurs in several other B2 alloys which remain fully ordered up to their 
transition temperature CoTi, CoZr (3), and CoHf (40). It also occurs in several B2 alloys which 
go through an ordered-disordered transition. In L12 alloys the anomaly has been most heavily 
studied in the Ni3Al system, and it also occurs in prismatic slip in several pure metals such as 
beryllium (5) and magnesium (6). 
 
Flow Stress Anomalies in Other L12 Intermetallics 
The most commercially valuable of the intermetallics which experience YSA is the Ni3Al 
intermetallic L12 phases usually called  γ’ when present in Ni superalloys. Figure 1 shows the 
variation in yield stress as the volume percent of Ni3Al γ’ increases. Without the addition of the 
γ’, the yield stress in the nickel alloy (γ) decays as the temperature increases.  With the addition of 
20 volume % of the γ’ phase, the yield strength is more than doubled at room temperature and 
holds that strength until 600C.   
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Two reviews on the YSA in L12 materials (9) (10) give more insight on how this YSA occurs.  In 
brief, the YSA in L12 is believed to be caused by two types of dislocation locking methods.  In 
Ni3Al which normally deforms on (111), incomplete Kear-Wilsdorf (KW) locks form by short 
range cross-slip in (100).  In other intermetallics, the obstacles are caused by a diffusion process 
that also leads to dynamic strain ageing.  
 
Yield Stress Anomalies in Strongly Ordered B2 Intermetallics 
There are several proposed reasons for the anomalous change in yield stress in ordered B2 
intermetallics. Nakamura and Sakka (3) considered several of these for CoZr and (Co, Ni)Zr 
where the flow stress decreases from liquid nitrogen temperatures to room temperature and then 
rises from room temperature to 673K and then drops again.  These reasons and a few other 
models are evaluated below for YCu. 
1. The precipitation of second phases during heating for a compression test 
 If second phases are precipitated during heating, an increase in flow stress with temperature will 
change with heating time before testing.  In YCu, samples 1, 2, 5, and 6 were all annealed for 100 
hours at 700ºC.  YCu is a Daltonide compound with no solid solubility which means that any 
secondary phases would most likely already have been precipitated out during annealing.  Since 
YSA occurred in these samples (see chapter 4), precipitation of second phases is unlikely to be 
the cause of YSA in YCu. 
2. A martensitic transformation  
The anomalous temperature dependence of the flow stress in AuCd (11) and NiTi (12) was 
reported to be due to the flow stress lowering at the transition temperature and increasing up to a 
critical temperature, followed by a decrease with increasing temperature.  YCu does undergo a 
martensitic transformation to an orthorhombic phase of FeB-type with a space group Pnma a= 
7.0936 Å, b = 4.5254 Å, c = 5.4030 Å, but this transition occurs at about 140 K (13).  The YSA 
maximum is around 600-650 K, which is well above the transition temperature.  Since the YCu 
samples were all annealed at high temperatures, it is difficult to see how this mechanism could be 
responsible for the YSA in YCu. 
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Kear-Wilsdolf mechanism for L12 compounds.  For CoZr, the reason why the cross slip from 
(110) to (112) plane is produced is not clear since the APB energy of the (112) plane is not lower 
than the (110) plane (3).  The APB energy on the (112) plane is not known for YCu. 
4.3 Slip motion of climb-dissociated superlattice dislocations  
The anomalous temperature dependence of the flow stress for CuZn has been explained by the 
slip motion of climb-dissociated superlattice dislocations (18), which have anti-phase boundaries 
on the non-slip planes.  These were observed using the weak beam technique for TEM (19).  No 
comparable research has been done on YCu. 
4.4 Core-dissociation mechanism 
It has been proposed that the increase in yield stress in B2 CoTi (20) and Ll2 structured Ni3(Al Ti) 
(21) is due to increased frictional force arising from spreading of the dislocation core on the 
{010} planes by the core-dissociation mechanism.  At higher temperatures, the dislocation 
spreads more which increases the flow stress.  Slip line traces for YAg found {100}<010> and 
{110}<010> to be  active slip systems (22). TEM g·b analysis also showed <111> type 
dislocations.  These dislocations are unexpected in fully ordered B2 intermetallics because the B2 
structure is ordered in this direction.  The authors’ explanation was that the <111> dislocations 
decomposed into two partial dislocation separated by a low-energy anti-phase boundary (APB). 
S. Xie’s weak beam TEM investigations of B2 YAg, which is an intermetallic compound very 
similar to YCu, observed dislocations separated into two partial dislocations separated by an APB 
(23).  The two most probable dissociation reactions for the observed superlattice dislocation are: 
     001
2
001
2
001 aaa      Equation 3.3 
or 
     011
2
011
2
011 aaa       Equation 3.4 
The actual dislocation could not be determined as there was a possibly unresolved component 
parallel to the TEM beam.  These findings all indicate that core dissociation might occur in YCu, 
but they do not prove that it is the primary mechanism for the increase in flow stress.  If core 
dissociation is the primary cause of the increase in flow stress, then the increase should not be 
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rate dependent because core spreading is only dependent on stress and temperature.  Additionally, 
the yield stress increase should be reversible on cooling. 
5. Vacancy Hardening 
In the vacancy hardening model, the increase in flow stress is caused by an increase in the 
vacancy concentration at higher temperatures.  If the formation energy of vacancies is lower than 
the energy of migration, these vacancies act to pin dislocations thereby increasing the flow stress.  
The vacancy hardening mechanism could be tested at room temperature by annealing a sample at 
high temperatures and then quenching it to retain the high temperature vacancy concentrations at 
room temperature.  The mechanical properties of this quenched sample could be compared to the 
mechanical properties of a sample that had been annealed at a low temperature. In FeAl, the yield 
strength anomaly has been attributed to vacancy hardening (24).   FeAl exhibits an increase in 
hardness near its stoichiometric composition as shown in Figure 4. The cause of this increase in 
hardness is likely high vacancy concentration as it was found that near the 50:50 composition 
there is a correlation of hardness and vacancy concentrations (25) (26).  FeAl also loses ductility 
when the flow stress rises (Figure 4).  The YSA only occurs in FeAl when the vacancies have 
been annealed out (27). 
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This leaves the following possible mechanisms: 
-spreading of anti-phase boundaries (APB) at higher temperatures, 
-cross slip, 
-slip motion of climb-dissociated superlattice dislocations,  
-core-dissociation mechanism, 
 -vacancy hardening, 
 -and dynamic strain ageing  
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CHAPTER 4. YIELD STRENGTH AND WORK HARDENING  
 
Vacancy Hardening 
Wittmann and Baker showed that vacancy hardening was not responsible for the YSA in CoTi by 
annealing CoTi samples at 1473K for 30 minutes and then using three different heat treatments: 
an ice-water quench, air-cooling, or a 120 hour anneal at 673 K.  There was no difference in yield 
strength or Vickers hardness between the three samples.  Differential scanning calorimetry (DSC) 
heating runs conducted on FeAl showed a measurable exothermic reaction when annealed as 
quenched-in vacancies were annealed.  DSC runs conducted with CoTi which had been quenched 
after 20 min anneals at 1473K did not have any exothermic reactions (66).   
The effect of vacancies on yield strength in YCu was made by testing two samples with very 
different thermal treatments.  YCu-1 was fast quenched in ice water from 700C to retain 700C 
vacancies while YCu-2 was annealed  at 450ºC for 150 hours and then cooled at a rate of 1ºC per 
minute to room temperature. The compression tests on YCu-1 and YCu-2 showed very little 
difference in the yield and strain hardening behavior between the two samples as shown in Figure 
4.1. This indicates that vacancy hardening is not the reason for the yield anomaly in YCu. 
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Hot Rolled YCu with Varying Heat treatments
Compressed at 10-2s-1 strain rate on two different machines
Tested at room temperature 
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Figure 4.1 Compression tests on YCu show that the strain behavior of ice-quenched YCu is the same as YCu 
which was annealed at 450ºC for 150 hours.  
  
Temperature, Composition, and Strain Rate effects on Yielding 
The compression tests done with the MTS load frame showed that the flow stress rose as the 
testing temperature increased, then peaked at around 450-650 K (600 K is 0.5 Tm for YCu), and 
then lowered as the testing temperature continued to rise (see Figure 4.2 for additional plots, see 
appendix section 1).  The Portevin-Le Châtelier effect (serrated flow) was recorded near the peak 
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temperatures for all three strain rates in YCu samples 1,2,5, and 6.  This effect is described more 
fully in chapter 5.  
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Figure 4.2 At a compression rate of 10-3s-1 the work hardening rate increases from 400 K to 600 K.  By 700 K 
YCu has begun to soften 
 
The yield stress is plotted at 0.2 % offset strain and 2% offset strain. (Figure 4.3 a and b).   These 
plots show how the yield point rises as the temperature rises, and they also show that the peak 
stress and peak temperature are controlled by the strain rate.  Figure 4.4 shows as comparison the 
yield stress change with temperature in FeAl. 
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Because the yield point was low in the fully annealed samples, YCu-3 and YCu-4 were 
deliberately not annealed in the hope that larger yield points would be observed.  The yield point 
did increase as can be seen in figures 7a and b, but the stress-strain curves were not as regular for 
these samples as the annealed samples.  This could be because the metal in the YCu fingers was 
not uniformly hot-rolled.  As the fingers were rolled, the center regions were worked more than 
the exterior regions.  The strain hardening also rose and then fell as the temperature was increased 
(Figure 4.5a and b). 
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Figure 4.5 (a) Compression tests on YCu which was not annealed show that the yield point peaks between 450 
and 600 K and that the position of the peak is dependent on the strain rate.  (b) The 2% offset flow stress also 
shows this behavior. 
 
Determining the yield point in YCu was difficult because there was no abrupt transition from 
elastic deformation to plastic flow.  In this, there are some similarities between the behavior of 
YCu and that of Ni3Al.  Figure 4.6 shows the stress-strain curve for Ni3Al.   Hemker, Mills, and 
Nix commented on the smooth shape of the curve and that when the flow stress was measured at 
0.2% offset, there was a great deal of strain hardening effects included in the measurement.  In 
YCu, this effect was even greater.  Their comment “The absence of an abrupt change in this curve 
suggests that flow is not controlled by lattice friction but is instead dependent on the formation 
and subsequent recovery of the dislocation substructure” has relevance for YCu as well. 
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Stress at 3% strain in YCu
strained at a rate of 10-2 s-1, 10-3s-1,10-4 s-1
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Figure 4.7 Flow stress at 3% strain for all samples (upper left), at one strain rate for five compositions (upper 
right) for a low carbon content sample (lower left) and for a higher carbon content sample (lower right) 
 
Work Hardening 
Work hardening is the process whereby metals and ductile intermetallics become harder as they 
are deformed.  The work hardening is quite extensive in YCu.  Figure 4.8 shows that work 
hardening is responsible for nearly all of the flow stress of YCu.  The yield point, which 
ordinarily occurs below1% strain, is lost in the initial work hardening behavior.  This initial work 
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hardening rate shifts to a new rate between 3 and 5% strain. A stress-strain curve of CoZr (Figure 
4.9) shows that this B2 intermetallic also undergoes a great deal of work hardening. There are a 
variety of processes taking place that lead to hardening behavior, but the primary process is 
dislocation pile-up.  No fundamental constitutive equation exists at this time, but empirical 
formulas have been determined that model work hardening behavior.  For YCu, the work 
hardening rate was calculated by fitting two different equations. 
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Figure 4.8 At a compression rate of 10-2s-1 the work hardening rate increases from 300 K to 700 K, at which 
point YCu begins to soften. 
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Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
 strained at a rate of 10-2s-1, 10-3s-1, and 10-4 s-1
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Figure 4.13 The strain hardening exponent n calculated for two intervals in several YCu samples 
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Figure 4.14 strain hardening coefficient for YCu sample 2 calculated over two intervals 
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The result of this analysis is: 
1. The strain hardening coefficient varied from 0.55 to 0.  Metals at ordinary 
temperatures have strain coefficients from 0.02 to 0.5 (6) so these values are high, but 
still comparable to those of ordinary metals.  
2. The work hardening rose as the temperature was increased in all samples and peaked 
between 500 and 650 K.   
3. The work hardening behavior was heavily dependent on processing.  The YCu-3 and 
YCu-4 samples which were not annealed post hot rolling had smaller initial values 
and smaller increases in work hardening vs. temperature compared to the annealed 
samples.  This is understandable as the unannealed samples started the compression 
tests with a high existing degree of work hardening.   
4. Before the peak values at ~0.5Tm, the work hardening coefficient was largely 
independent of the strain rate. 
5. After ~0.5Tm the work hardening coefficient was strongly related to the strain rate.  
This was because at higher temperature, diffusion controlled deformation was the 
dominant factor for plastic flow. 
6. The work hardening coefficient was also inversely proportional to the carbon content, 
it was highest for the 65-68 ppm carbon samples and lowest for the 162-148 ppm 
carbon samples.   
7. The flow stress anomaly of increasing flow stress as the temperature rose, was 
largely modeled by K, the strength coefficient.  The value of this coefficient was 
inversely related to the strain rate with 10-2s-1 samples having the lowest K values. 
The carbon concentration did not affect the values of K. 
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CHAPTER 5. THE PORTEVIN-LE CHÂTELIER EFFECT, 
DYNAMIC STRAIN AGEING AND STRAIN RATE SENSITIVITY 
 
Observation of Portevin-Le Châtelier Effect in YCu and Other Rare Earth 
B2 Intermetallics 
When YCu was compressed, unstable plastic flow manifested by a serrated behavior was detected 
in several stress-strain plots.  Two examples are shown in Figure 5.1.  This effect appeared in 
every sample but only at certain strain rates and test temperatures near 0.5 Tm pt. which is where 
the peak flow stress and peak work hardening rates also occurred.    
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Figure 5.1 Serrated flow behavior in YCu 
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This unstable flow is termed the Portevin-Le Châtelier (PLC) effect and occurs when negative 
strain rate sensitivity results in discontinuous yielding.  It is observed as repetitive stress drops in 
a constant strain rate tensile or compressively loaded sample.   The PLC effect was first reported 
by Le Châtelier in 1909 (1) and Portevin and Le Châtelier in 1924 (2) in their investigations of 
dilute alloys. 
The PLC effect was observed in tensile testing of several of the B2 rare-earth intermetallics: 
DyCu at 77K, ErAg at 77 K, ErCu at 77 and 300 K, GdAg at 77 and 300 K, NdAg at 77 K, and 
YAg at 77 K all strained at a strain rate of 10-4s-1.  In contrast, the effect in YCu was seen only at 
high temperatures.  The frequency and average size of the stress drops are displayed in Table 5.1 
and Table 5.2 respectively.  The stress drops occurred around the same temperatures as the peak 
values for work hardening. The initiation temperature for the PLC effect rose with increasing 
strain rates. 
Table 5.1 Number of PLC jogs at different temperatures, carbon concentrations, and strain rates in YCu under 
compression 
   Carbon Strain PLC effect, # of jogs 
Sample Content, ppm Rate 500 K 550 K 600 K 700
YCu-2 68 10-2 12 8
YCu-2 68 10-3 5 8
YCu-2 68 10-4 14 21 1
   500 K 600 K 700 K
YCu-5 162 10-2 1
YCu-5 162 10-3 8
YCu-5 162 10-4 7 6
YCu-5 162 2x10-5 19
YCu-6 148 10-2 6 3
YCu-6 148 10-3 10 21
YCu-6 148 10-4 19 21
YCu-6 148 2x10-5 3 3
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Table 5.2 Average drop in strain in MPa for PLC jogs at different temperatures, carbon concentrations, and 
strain rates in YCu under compression 
   Carbon Strain PLC effect, average drop in stress, MPa 
Sample Content, ppm Rate 500 K 550 K 600 K 700 
YCu-2 68 10-2 10 3 
YCu-2 68 10-3 5 2 
YCu-2 68 10-4 16 14 10
   500 K 600 K 700 K
YCu-5 162 10-2 9
YCu-5 162 10-3 11
YCu-5 162 10-4 13 4
YCu-5 162 2x10-5 18
YCu-6 148 10-2 7 4
YCu-6 148 10-3 3 10
YCu-6 148 10-4 23 12
YCu-6 148 2x10-5 9 6
Properties of the PLC Effect 
The PLC effect manifests itself in three major types of serrations (3) (4) as shown in Figure 5.2.  
Type A are associated with repeated initiation of deformation bands at the same end of the 
specimen.  There is an abrupt rise and fall in stress as each band is initiated.  The smooth balance 
of the curve is associated with the continual propagation of the deformation band.  In type B 
serrations, the band propagation is discontinuous, and a stress drop accompanies every 
discontinuity in the band motion.  Types A and B often occur simultaneously.  Type C serrations 
are not caused by continuous band propagation.  They appear to be related to localized 
deformation band initiations; they are not correlated in space and a randomly distributed pattern 
of surface markings is observed (4).  As the testing temperature increases, metals will pass from 
regions of no serrations, to A, to A+B, to C type, and at even higher temperatures, no serrations 
again.  In YCu, the only observed type of serrations were type A serrations.   
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Dynamic Strain Ageing (DSA) 
Strain ageing is the process where solute atoms diffuse to the strain fields of dislocations. Once 
an atmosphere of solutes has accumulated, they act as a pinning force restraining further 
movement of that dislocation.  DSA occurs when samples strain age while they are being 
deformed.  DSA commonly results in discontinuous flow observed as serrations in the stress 
strain curve, the previously described PLC effect.   The PLC effect occurs when dislocations 
break free from the pinning of the solute atmosphere.  If DSA is the primary mechanism for the 
YSA / flow stress behavior, then the strain hardening should be irreversible, serrated yielding 
should occur in tests done at temperatures near the peak flow stress values, and the peak flow 
stress also should vary with the strain rate because DSA is a diffusion-controlled process.  If the 
work hardening is caused by diffusion of solute atoms that pin the dislocation, the strain rate 
sensitivity should become lower as the flow stress peaks.   
The strain rate sensitivity (SRS) is derived from the flow stress and the strain rate as the flow 
stress and strain rate are related by a power law relationship: 
n
A 

        Equation 5.1 
where A is a constant, 
  is the strain rate, and n is the SRS.  The SRS can be determined 
experimentally during a compressive or tensile test by quickly varying the strain rate from one 
rate to another rate during a compression or tension test in what is termed a “strain rate jump 
test.”  The strain rate sensitivity can then be determined with:  











 

1
2
1
2 loglog




een      Equation 5.2 
Aluminum alloys experience strong DSA effects near room temperature, and in these alloys n has 
a minimum value near room temperature (8).  If DSA is responsible for the increase in flow 
stress, then the SRS should be low in the temperature region of increased flow stress.  In YCu, 
not only was the strain rate sensitivity low, but at temperatures below the peak work hardening 
rate, the strain rate sensitivity was negative.   
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DSA in other B2 alloys 
Serrated yielding occurs in CoTi.  Strain rate jump tests conducted on CoTi showed a flow stress 
drop and decrease in serrated yielding amplitude when the strain rate was increased (9).  Strain 
rate jump tests conducted on CoTi showed a flow stress drop and decrease in serrated yielding 
amplitude when the strain rate was increased.   
DSA was seen in NiAl samples with carbon contents of 147 ppm.  The SRS minimum and work 
hardening maximums occurred at the same temperature. The onset temperature dropped with 
increasing carbon concentration (10).  In the tests performed on YCu, SRS minimum and the 
work hardening maximum were concurrent, but not enough tests were done to see a decrease in 
onset temperature with impurity content.   
In NiAl, the PLC effect only occurred in a sample that had negative strain rate sensitivity. In 
these experiments it was also discovered that the upper yield points could be recovered after 
annealing for as little as 2100 s at 622 K. (10).  In YCu of similar carbon content, these yield 
points occurred after annealing as briefly as 20 seconds at 500 K (Figure 5.3).  This upper yield 
point was higher at faster strain rates.  At lower strain rates, diffusion had already allowed 
atmospheres of solute atoms to form, and thus the effect caused by the annealing was smaller.  
This effect disappeared at 600 K (Figure 5.4). 
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Static Strain Aging in Compression tested YCu
Compressed at 500 K at three strain rates
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Figure 5.3 (a) and (b) Static strain ageing in YCu samples.  The height of the yield peak, which follows the pause 
in crosshead motion, is proportional to the speed at which the sample was being deformed. Faster strain rates 
have larger peaks. 
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Figure 5.4 At 600 K, pauses in the motion of the cross head did not result in yield peaks. 
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In RuAl with carbon content of 1600 ppm, serrations occurred only at 773 and 973 K, but not at 
temperatures 200 K above and below those temperatures.  The effect also occurred only at strain 
rates of 8 x 10-5 s-1 and not at 8 x 10-3s-1.  This corresponded with an increase in the strain 
hardening rate (11). DSA occurred at a greater strain-rate range in YCu even with a solute content 
10% that of RuAl. 
Strain rate experiments on Ni3Al and Ni3(Al, Cr), which display a YSA showed that the change in 
flow stress from a change in 
  by a factor of 100 was found to by about 1 % below 600ºC (12).   
The SRS has been used to calculate apparent activation areas, A* , “a measurement of the area on 
the slip plane involved in the saddle point configuration of the dislocation” (13). Alternatively, an 
activation volume, V* can be calculated (14): 
ࢂ∗ ൌ ࢈࡭∗ ൌ ࢑ࢀ ቀࣔ∆۵ࣔ࣎∗ ቁࢀ ൌ ࢑ࢀ ቀ
ࣔܔܖࢿሶ
ࣔ࣎ ቁࢀ
    Equation 5.3 
where K is the Boltzmann factor, τ* =  τ - τi where τi  is the long range internal stress due to other 
dislocations the stress and ߝሶ the strain rate.  This was further related to the activation enthalpy, H 
(15): 
ࢂ∗ െ ࢑ࢀ ቀࢾ۶ࢾ࣎ቁࢀ      Equation 5.4 
The strain rate sensitivities were used to calculate activation volumes for Ni3Al (15), and 
activation areas for RuAl, FeAl, and NiAl (13).  This model was not applicable to YCu because in 
YCu the SRS was negative which would lead to a negative activation volume. 
The negative strain rate dependence of the flow stress (higher strain rates have lower yield 
stresses) indicates that the vacancy hardening model is not responsible for the YSA as this is 
different from what is predicted and observed in FeAl (16).  This also rules out the core 
dissociation model because that model should not have a nucleation time associated with the 
dissociation of the yield core because the dissociation is supposed to be dependent only on 
temperature and stress (17). 
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YCu Strain rate sensitivity 
Eight strain rate jump tests were performed on YCu at 293K.  When the strain rate was increased 
the flow stress decreased and when the strain rate was decreased, the flow stress increased (Figure 
5.5).  The strain exponent, n, at room temperature was -0.0031 (Figure 5.6).  
S t r a in  R a t e  J u m p  t e s t s  o n  Y C u  
A n n e a le d  1 0 0 h r s  a t  7 0 0 º C
T r u e  S t r a in
0 .0 0 .1 0 .2 0 .3 0 .4 0 .5 0 .6
Tr
ue
 S
tre
ss
, M
Pa
, 
0
5 0
1 0 0
1 5 0
2 0 0
2 5 0
 
Figure 5.5 Upward pointing arrows indicate that the strain rate was increased at the jumps. Downward arrows 
indicate that the strain rate was decreased at the jump. Each arrow represents a 10-fold change in strain rate, 
two arrows indicate a 100 fold change.   
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Figure 5.6 At 293K the strain rate sensitivity was negative – when the strain rate was increased, the flow stress 
decreased and when the strain rate was decreased, the flow stress increased. 
 
Additional strain rate jump tests were performed at several temperatures on YCu samples 1, 5, 
and 6 which had 81, 162, and 148 ppm carbon respectively.  A selection from these tests is shown 
in Figure 5.7.  At 300, 400, and 500 K, a strain rate jump from 10-4s-1 to 10-2s-1 resulted in a drop 
in the flow stress and a strain rate jump from10-2s-1 to 10-4s-1 resulted in an increase in the flow 
stress.  At 600 K, YCu behaved like an ordinary metal and the effect of a strain rate jump 
produced the opposite effect (see Appendix section “Strain Rate Jump Tests” for additional 
figures). 
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Figure 5.7  When the strain was jumped from 10-4s-1 to 10-2s-1 there was an initial upper yield point when tested 
at 300 and 400 K.  At 500 K no upper yield point occurred. 
 
Figure 5.7 depicts negative strain rate sensitivity in YCu. When the strain rate was jumped to a 
higher rate, there was a higher yield point followed by a quick drop to a lower stress. When the 
strain rate dropped, the stress rose.  All of the changes in strain rate were followed by a small 
drop in stress.  This is believed to result from relaxation in the sample as the crossheads were 
paused for ten seconds to change the strain rate. The 600 K change from negative to positive 
strain rate sensitivity is likely the result of diffusion controlled creep.  At higher strain rates, 
diffusion-controlled mechanisms of deformation are unable to act, and thus the stress change is 
directly related to the strain rate.  
Yield point increase due to solute enhanced hardening could be the cause of the increase in flow 
stress at lower strain rates and the negative strain rate sensitivity.  This also would result in upper 
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yield points where the dislocations break free from constraining solute atmospheres as shown in 
Figure 5.3 and Figure 5.7. 
The strain rate sensitivity of YCu at three compositions is shown in Figure 5.8.  There is a bit of 
scatter in the data, but the plots depict the change in SRS as a function of strain, composition, and 
temperature.  The composition has only a little effect on the SRS. Samples 5 and 6 with three 
times the carbon content of YCu-1 have only slightly more negative SRS.  A greater effect is 
caused by temperature.  As the temperature increases from 300 to 500 K, which is also the flow 
stress peak, the SRS becomes more and more negative.  Then, at 600 K, the SRS becomes 
positive, and DSA no longer occurs.  This could be a result of the solute atmosphere 
‘evaporating’ from around the dislocation allowing it to move more freely, or a it could be the 
result of diffusion-based creep taking over as the main deformation mechanism. As the amount of 
strain in the sample increases, the SRS rises at all temperatures.  This is a function of the 
dislocation density for as the density increases, solute atoms do not need to diffuse as far to pin 
dislocations.   
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Strain Rate Sensitivity of YCu 
doped with 81 ppm carbon by weight (sample 1)
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Strain Rate Sensitivity of YCu 
doped with 162 ppm carbon by weight (sample 5)
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Figure 5.8 The strain rate sensitivity for YCu in samples 1, 5, and 6 is negative at test temperatures up to 500 K.   
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CHAPTER 6. COTTRELL-STOKES EXPERIMENTS: REVERSIBLE 
VERSUS IRREVERSIBLE CHANGES IN FLOW STRESS 
 
Background  
In metals, when samples are plastically strained at the same strain rate, but at two different 
temperatures, the stress strain curves diverge.  Cottrell and Stokes proposed that the divergence is 
the result of two contributions to flow stress, one of which is irreversible and one that is 
reversible.  One contribution is that the amount of work hardening produced by a given plastic 
strain is temperature dependent.  This contribution should be irreversible, since the degree of 
work hardening in a material will not change when the temperature is changed as long as ageing 
and annealing are avoided.  The second contribution to the flow stress is that the yield stress of a 
material with a given amount of work hardening is temperature dependent.  This contribution 
should be reversible. 
To differentiate between the irreversible and reversible temperature dependent contributions to 
flow stress in aluminum crystals, Cottrell and Stokes used the method described by the following 
method and depicted in Figure 6.1.  They strained a sample at a low temperature (T1) until it 
began to plastically deform.   This stress-strain curve would follow the T1 curve from the origin to 
point C.  They then strained that same sample at room temperature. This part of the stress-strain 
curve starts at point A and follows the dotted path through points B and D.   They then compared 
the yield stress of this curve (point B) with the flow stress at strain A for samples strained at T1 
(point C) and T2 (point B).  The stress difference between points B and C is the irreversible 
change in flow stress caused by the higher work hardening rate at T1.  The reversible change in 
flow stress is the difference in stress from point D to point C. 
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dislocations.  This mechanism can explain the work hardening and has further confirmation since 
this effect was more common in samples with higher carbon contents.   
An alternate explanation for the negative strain rate sensitivity is diffusion controlled cross 
slipping.  Diffusion controlled cross slipping has the potential to be more effective at causing 
yield strength anomalies because it is easier at higher stress and at higher temperatures.  Diffusion 
controlled locking is faster at higher temperatures, but because dislocation speeds are also greater 
at higher temperatures, the pinning mechanism is less effective at higher temperatures.   
 
Cottrell-Stokes Experiments with YCu 
Differentiating between these two explanations is difficult with the strain rate jump data alone.  
Therefore, a series of Cottrell-Stokes tests was performed.  Samples which had been tested at 
elevated temperatures where the flow stress was high were restrained at room temperature.  If the 
flow stress anomaly was caused primarily by strain ageing, then three effects should have 
appeared: 
1. The samples, some of which had lain dormant for weeks between the two tests had 
sufficient time to strain age.  Solute atoms would have had time to diffuse to pin existing 
dislocations in the sample.  If strain ageing were the cause of the change in flow stress, 
upper yield points should have appeared when any sample was retested regardless of the 
two temperatures.  This effect should be largest when the sample was restrained at a 
lower temperature.  
2. At lower temperatures, diffusion is less rapid and solute atmospheres are not able to 
cause as much drag on the moving dislocations.  As a result, the upper yield stress should 
be followed by a “work softening” where the flow stress drops from an upper yield point 
to a stress value closer to that of a sample with the same solute concentration compressed 
to the same strain at that lower temperature.  
3. The flow stress after the work softening should be reversible.  As long as the samples 
do not anneal at room temperature, the concentration of dislocations should be the same 
at every temperature if change in flow stress is caused by pinning by solute atmospheres, 
not by the number of dislocations. 
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The first sample tested to determine if the strain hardening was reversible was from YCu-1.  It 
was compressed to 219 MPa at a strain rate of 10-4 s-1 at 550 K.  The sample was then removed 
from the furnace and quenched in room temperature water.  The transfer time took less than 10 
seconds.  After the furnace had cooled to room temperature, the sample was then retested at room 
temperature.  The flow stress of the sample at room temperature was the same as the flow stress 
at 550 K (Figure 9).  No yield stress drop (work softening) was seen. 
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Figure 6.4 By compressing the sample at 550 and then quenching it in water and then retesting at room 
temperature, the increased strain hardening was shown to be irreversible.  The final stress at 550 K was 218 
MPa and the yield stress at 293 K  was 220 MPa. 
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The second test on the reversibility of the high temperature flow stress increase was done by 
compressing an YCu-1 sample (carbon content of 80 ppm) at 293K.  After straining the sample to 
2.4% strain, the sample was heated to 600 K and strained to 3.5%.  The sample was then furnace 
cooled to room temperature (Figure 6.5).  In this test, raising the testing temperature did not 
increase the flow stress, but the flow stress did drop when the sample was tested at room 
temperature.  This drop in flow stress was possibly a result of the sample annealing as the furnace 
took nearly one hour to cool to room temperature. 
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Figure 6.5 When the sample was compressed at 293 K, heated to 550 K, and then cooled to 293, the sample did 
not increase in hardness when heated, but the strain hardening rate was higher at 550 K than at 293 K. The 
apparent reversibility in the flow stress increase from 550 K to 293K is likely due to stress relief annealing as the 
furnace was slowly cooled to room temperature. 
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These tests indicated that the change in flow stress due to temperature was irreversible.  To 
confirm this and to test the effects of increased carbon content, YCu -5 and YCu- 6, with 162 and 
148 ppm carbon respectively, were tested.  These samples all had been stored for a minimum of 
one week at room temperature before retesting.  If strain ageing was responsible for the increase 
in flow stress, then the three effects discussed earlier should have appeared.     
Figure 6.6 and Figure 6.7 show two of the Cottrell-Stokes tests run on YCu samples 5 and 6.  
Both show irreversible increases in the flow stress due to work hardening at a higher temperature.  
There is very slight work softening behavior in the retest portion of each plot.  Table 6.1 is a 
compilation of eight Cottrell-Stokes tests.  They show that most of the change in flow stress is 
irreversible.  The two samples that show the largest reversible change in flow temperature were 
both samples that had been heated to 700 K and were allowed to cool in the furnace before they 
were removed.  These samples likely annealed during the 15-30 minutes they spent cooling in the 
furnace. 
Table 6.1 Reversibility of temperature related changes in flow stress.  These samples were all allowed to sit at 
room temperature for a minimum of one week before retesting at room temperature. 
Carbon 
content 
Strain 
Rate 
High 
T, K 
Strain 
where 
comparison 
is made 
High 
temp. 
stress, 
MPa 
Stress 
when 
retested 
at 300 K, 
MPa 
Low T 
stress, 
MPa  
ratio 
between 
low and 
high 
stresses 
% 
reversible 
148 ppm  10‐2s‐1  700  0.168 727  569 568  0.78  99
148 ppm  10‐3s‐1  600  0.278 1064  953 905  0.90  70
148 ppm  10‐4s‐1  500  0.279 1089  1047 847  0.96  17
148 ppm  10‐2s‐1  600  0.284 1078  999 890  0.93  42
162 ppm  10‐2s‐1  700  0.174 794  636 578  0.80  73
162 ppm  10‐3s‐1  500  0.3 1125  1093 928  0.97  16
162 ppm 
2x10‐
5s‐1  500  0.175 777.5  665 610  0.86  67
162 ppm  10‐4s‐1  500  0.279 1078  1030 964  0.96  42
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YCu Reversible Strain Hardening
specimen 6, 148 ppm carbon by weight, Hot Rolled then 700ºC Annealed, 
Compression tested at Strain Rate of 10
-4
s
-1
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Figure 6.6 The comparison between the 500 K , retest at 300 K , and 300 K plots show that 83% of the  change in 
flow stress due to temperature is irreversible.  The inset shows that there is a very small yield peak when the 
sample is retested.  This peak could be caused by static strain ageing. 
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YCu Reversible Strain Hardening
specimen 5, 162 ppm by weight carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rate of 10
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s
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Figure 6.7 There is a slight upper yield peak in this plot.  The irreversible change in yield stress is 83% of the 
total change. 
 
A final Cottrell-Stokes experiment was run to confirm the irreversibility of the change in flow 
stress.  In this test, the sample was only heated to 500 K to allow rapid removal and water 
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quenching of the sample.  The time between conclusion of the high temperature test and 
quenching was less than 20 seconds.  The plot of this test is shown in Figure 6.8.  Table 6.2 
displays the results of the tests on YCu samples 1 and 5 where the samples were quenched after 
straining at the higher temperature.  These tables both show that there was little change in the 
flow stress when the temperature is changed.  The change in flow stress over strain is mainly due 
to the different rates of work hardening at different temperatures.  At higher temperatures, the 500 
K strain became lower than the 300 K strain.  This was likely due to annealing as the sample was 
heated to the test temperature. 
Table 6.2 These samples were all quickly quenched from the higher temperature before retesting.  Removal 
from the furnace took approximately 10 seconds. 
Carbon 
content 
ppm 
Initial T, 
K 
∆ T, 
K 
Strain where 
comparison 
was made 
High temp. 
stress, MPa 
Stress at 
lower T, 
MPa 
ratio between 
low and high 
T stresses 
81  550  ‐250  0.032  218  220  1.01 
81  300  250  0.027  190  182  0.96 
81  550  ‐250  0.037  242  235  0.97 
162  500  ‐200  0.063  390  374  0.96 
162  300  200  0.078  442  409  0.93 
162  500  ‐200  0.2  789  762  0.97 
162  300  200  0.21  783  769  0.98 
162  500  ‐200  0.225  841  831  0.99 
162  300  200  0.24  857  856  1.00 
162  500  ‐200  0.26  914  906  0.99 
162  300  200  0.276  963  950  0.99 
162  500  ‐200  0.29  1011  1033  1.02 
162  300  200  0.305  1039  1050  1.01 
162  500  ‐200  0.325  1088  1116  1.03 
162  300  200  0.335  1137  1148  1.01 
162  500  ‐200  0.345  1152  1182  1.03 
162  300  200  0.355  1172  1190  1.02 
162  500  ‐200  0.381  1244  1297  1.04 
162  300  200  0.391  1319  1336  1.01 
162  500  ‐200  0.423  1430  1486  1.04 
162  300  200  0.434  1450  1502  1.04 
162  500  ‐200  0.45  1618  1713  1.06 
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YCu Reversible Strain Hardening
specimen 5, 162 ppm by weight carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rate of 2x10
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s
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Figure 6.8 In this test the YCu sample was alternately compressed at 300 and 500 K. 
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Conclusion: Majority of YSA Not Caused by Strain Ageing 
The three expected effects of strain ageing were not seen: 
1. Though the samples had sufficient time to strain age, only very faint upper yield points 
were recorded.   
2. Very little “work softening” due to dislocations breaking free from solute atmospheres 
was observed.  The only places that this was seen was in the strain rate jump test in which 
the flow stress would decay from the low strain rate value to the lower flow stress at the 
higher strain rate.  A very small amount of work softening was seen in some samples 
which had lain dormant (as an example, see Figure 6.6).  No work softening was seen in 
the Cottrell-Stokes tests where there was little diffusion time allowed (Figure 6.8). 
3. The effect of the change in flow stress due to temperature was largely irreversible.  
Together, these observations indicate that the bulk of the YSA is not caused by strain ageing.   
Because the flow stress does not drop when the temperature is reduced, this means that the work 
hardening in YCu is not reversible. This means that the increase in work hardening due to 
temperature is caused by some process which creates more dislocation blocking or locking 
mechanisms at high temperatures than low temperatures and that these are such that do not 
disappear when the temperature is dropped. 
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CHAPTER 7. NEUTRON DIFFRACTION INVESTIGATION OF 
THE DEFORMATION AND YIELD STRENGTH ANOMALY IN 
YCu  
New insight into the deformation characteristics of B2 YCu was gained through the use 
of in-situ neutron diffraction studies on compressively loaded YCu. 
 
Sample Preparation 
The samples were made from high-purity yttrium obtained from the Materials 
Preparation Center, Ames Laboratory, and high-purity copper.  The metal was arc melted 
six times under purified argon gettered with molten zirconium.  Five 25-gram finger 
shaped ingots were cast into a welded tantalum tube 12.7 mm interior diameter inside an 
induction furnace under a high vacuum.  The tantalum tube was then welded shut and 
placed inside a stainless steel jacket.  Both welds were made in an atmosphere of purified 
helium.  The assembly was then heated to 700C for two hours and then hot swaged to a 
final interior diameter of 10 mm for a total reduction in area of 21%.  At this point the 
sample was allowed to air cool.  Previous work on YCu had demonstrated a low yield 
point of 15 MPa in YCu which had been annealed for 100 hours (S. Williams, 
unpublished data).  Extensive annealing was avoided so that there would be a higher 
yield point in these samples.  After hot-swaging, the steel and tantalum outer layers were 
machined off with a lathe, and five samples with nominal sizes of 30 mm in length and 
10 mm diameter were machined.  The average grain size of these samples was 160 μm, 
which corresponds to 2x105 irradiated grains in the neutron beam. 
 
Experimental Details 
Neutron diffraction experiments on YCu were conducted on the Spectrometer for 
Materials at Stress and Temperature (SMARTS) at the Manuel Lujan, Jr. Neutron 
Scattering Center, LANSCE, Los Alamos National Laboratory (Los Alamos, NM).  
SMARTS is a time-of-flight diffractometer with a 250 kN load frame and furnace 
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capabilities.  SMARTS uses a pulsed, white beam of neutrons produced by spallation 
from a tungsten target moderated with 283 K water.  The pulsed, incident beam intercepts 
a compressively loaded sample at a 45 angle.  Neutrons diffracted off planes parallel to 
the compression axis travel 1.5 meters to a detector bank of 192 He3 tubes.  A second 
detector bank 180 around the sample from the first bank collects neutrons diffracted off 
planes aligned perpendicular to the compression axis.  The position of the detectors 
remains fixed because SMARTS is a time-of-flight instrument.  Instead of varying the 
position of the detector, the time the neutron hits the detector is used to determine the 
wavelength of the neutron.  This is because neutrons with smaller wavelengths are faster 
and arrive at the detector before neutrons with longer wavelengths.  The dhkl is calculated 
by counting the number of neutron counts per interval of time, calculating the wavelength 
of the neutrons arriving at that interval, and then calculating the dhkl’s with Bragg’s law: 
ࢊࢎ࢑࢒ 	ൌ ࢔ࣅ૛ܛܑܖࣂ                              Equation 7.1 
where n is an integral normally assumed to be one, λ is the wavelength, θ is the half angle 
between the incident neutron beam and the diffracted beam, and ݀௛௞௟ is the lattice 
spacing for the {hkl} planes. Further details of its capabilities are published elsewhere 
(1).   Diffraction data were analyzed using the General Structural Analysis System 
(GSAS) developed at Los Alamos (2).  
The diffraction strains were calculated from:  
ࢿࢎ࢑࢒ 	ൌ ࢊࢎ࢑࢒ିࢊࢎ࢑࢒
૙
ࢊࢎ࢑࢒૙
                              Equation 7.2 
where ݀௛௞௟଴  is the initial ‘stress-free’ lattice spacing.  The lattice spacings and internal 
strains were determined by single peak fits which were refined using GSAS.   
In order to make stress-strain measurements in SMARTS, the samples needed to be large 
enough so that they would have a sufficient volume for neutron scattering.  These 
samples, nominally 27 mm long and 10 mm in diameter were also large enough to 
accommodate an extensometer.  The sample was heated using an induction heater and the 
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Figure 7.2 Stress vs. strain (in %) for YCu tested at four temperatures  
Because an extensometer was used, more accurate measurements of the 0.2% yield point 
were made (Figure 7.3 and Table 7.1).  The yield points that were measured in Chapter 4 
were much higher than this.  Closer examination of the stress-strain diagrams taken at 
SMARTS (Figure 7.3) show that the yield points reported in Chapter 4 were actually 
regions where the work hardening rate changed. This is similar to what happened in 
CoTi.  The yield points had been reported as 350 MPa (87) but it was later shown that 
this earlier reported value was due to a transition in the work hardening rate that could be 
defined by a 1% offset (4).  The actual yield point of CoTi was -62 MPa with the 
negative sign denoting compressive yield strength (4).  
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Figure 7.3 Close up of yield region of stress-strain (%) curves of  YCu tested at four temperatures  
 
Table 7.1 The yield stress, calculated by a 0.2% offset in the stress-strain plots, declines as the temperature rises. 
These values are confirmed by the deviations from linearity in the lattice constants under stress (Figure 7.9). 
Compression 
Temperature 
Yield 
strength 
300 K 53 MPa 
400 K 47 MPa 
500 K 45 MPa 
600 K 40 MPa 
 
  
  
A problem occurred when testing the 400 K sample; the induction furnace used to heat 
the sample began to heat erratically after 85MPa at which point it began to cycle between 
80 and 200C.  This deleteriously affected the stress-strain plot for 400 K (Figure 7.2).  
 84 
The addition of an extra cooling pump allowed testing at higher temperature, and the test 
at 500 K was precise enough for creep exponent of the Dorn equation, n (Equation 1.2), 
to be calculated as 6.6 (Figure 7.4). 
 
 
Figure 7.4 Creep behavior in YCu 
 
Diffraction Data 
As the samples were compressed, the individual peaks shifted due to internal strain.  The 
peaks also broadened due to internal micro stresses such as dislocations and other crystal 
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This is due to grain rotation which alters then number of planes that diffract in different 
orientations.   A new group of peaks was found in the two samples that were subjected to 
the highest strains, the sample tested at 300 K  at 350 MPa (Figure 7.3, two new peaks) 
and the sample tested at 600 K at -220 MPa (Figure 7.6, seven new peaks).  These peaks 
match those of the orthorhombic B27 FeB phase refined by Ritter, et. al.(5).  However, 
because the number of and intensity of the peaks is low, it is difficult to run a refinement.  
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The yield point occurs when plastic flow begins.  This transition from elastic to plastic 
behavior in YCu can be seen in Figure 7.9, which shows the lattice strains, as calculated 
with  Equation 1, vs. the applied stress.  Initially, the stress-strain behavior of every grain 
orientation is linear.  As the applied stress increases, there is a point where the lattice 
strains vs. applied stress begin to diverge from linearity. This divergence from linearity 
occurs as a result of one or more grain orientations beginning to plastically deform. In 
grains that plastically deform the lattice strain does not continue to increase as the applied 
stress increases. For YCu, the first grains to do this were those with the {111} planes 
oriented perpendicular to the compression axis (this is seen in the {222} oriented planes 
because the {111} planes do not diffract in YCu). As the {111} planes deform, they carry 
less stress than grains with other orientations.  In particular, grains with the <100> 
direction parallel to the compression axis are stiff, and as a result the lattice strain 
increases most rapidly in the <200> and <400> oriented grains. 
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<310> oriented grains.  This pattern continues until ~290 MPa, at this point there are 
inflections in the relative intensities of some of the grains, and the lattice microstrain.  
The <111> oriented grains begin to take more strain, and their intensity begins to drop.  
The change of intensity indicates that these grains are beginning to shift away from the 
compression axis.  It is also at this stress that the <200> oriented grains begin to 
plastically deform because the lattice microstrain ceases to increase and the plotted line 
becomes vertical.  Together these indicate that at 300 MPa applied load a new 
deformation mechanism begins to operate on the {100} oriented grains. 
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Figure 7.10 Macroscopic strain, lattice strains, and changes in diffracted intensity for the respective lattice 
strains in YCu compressed at 300 K.  The error bars represent fitting errors. 
 
Figure 7.11 shows the result of compression at 500 K.  The sample yields at 50 MPa 
which is lower than the yield point at room temperature (Figure 7.10) where the sample 
yields at a lower stress than at room temperature. In this test, the sample was compressed 
to 14% and then unloaded.  Diffraction data taken during unloading was used to calculate 
the elastic moduli for the different orientations as shown in Table 7.2.  The low standard 
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deviation between elastic moduli show that the elastic behavior of YCu is highly 
isotropic. 
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Figure7.11 Macroscopic strain, lattice strains, and changes in diffracted intensity for the respective lattice 
strains in YCu compressed and then unloaded at 500 K.  The error bars represent fitting errors. 
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Table 7.2 Elastic Modulus of YCu  at 500 K. Data taken from unloading portion of compression test in SMARTS  
Diffracted 
Plane 
Elastic Modulus, 
GPa 
110  83
200  65
211  92
220  85
310  72
222  109
321  87
Average  85
Standard 
Deviation  14
 
The effect of temperature on the yield point is clearly seen when the lattice strains at 300 
K are compared with those at 600 K (Figure 7.13) where YCu yields below 50 MPa.  
Additionally, the plastic behavior differs at these two temperatures.  At room 
temperature, the lattice microstrain for the <111> grains does not change over the interval 
60-300 MPa, at which point this orientation becomes stiff again.  At 600 K, the <111> 
oriented grains become stiff at 100 MPa and the associated lattice constant begins to 
grow.  At that same point, the <100> oriented grains become softer.  It is also at this point 
that the intensities associated with <100> planes begin to increase as this orientation 
begins to rotate toward the compression axis. 
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Figure 7.13 YCu compressed at (a) 300 K and (b) 600 K.  The 111 (222) orientation is stiffer at 600 K than it is at 
300 K where it yields at 50 MPa and does not begin to stiffen until 225 MPa 
 
Conclusions 
The neutron diffraction data gathered at LANSCE show that the YSA in YCu is not a 
yield point phenomenon at all.  The yield point actually drops as the temperature is 
increased.  Instead, there is an anomaly in the work hardening rate.  This did not show up 
in the stress-strain curves taken with SMARTS because of creep and relaxation.  What 
did show up in these tests was that initially the <111> orientations were stiff and the 
<100> orientations were compliant.  Then, at 300 MPa at 300 K the <100> orientations 
began to plastically deform and the <111> orientations began to grow stiffer.  The stress 
at which this transition occurred varied inversely with temperature.  It is possible that this 
new deformation mechanism is responsible for the change in work hardening rate.  
Additionally, there was an observation of a possible phase transformation to the 
martensitic FeB phase under stress. 
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 
In Chapter 3 a series of possible mechanisms for the YSA in YCu were described.  
Though the YSA was clearly shown to be a work hardening anomaly in Chapter 7, the 
possible mechanisms listed in Chapter 3 can still be evaluated. 
From these data we see that the YSA in YCu cannot be attributed to: 
-precipitation of second phases during heating for a compression test, because the 
samples were fully annealed before testing. 
- order-disorder transition, because YCu remains fully ordered and there was no 
order-disorder change in the diffraction data (Chapter 7) 
- core-dissociation mechanism, because the temperature related increase in flow 
stress was not reversible (Chapter 6) 
-vacancy hardening, because samples rapidly quenched to retain high temperature 
vacancies behaved no differently than samples annealed for long periods at 
moderate temperatures and cooled to room temperature (Chapter 3) 
-and dynamic strain ageing.  This effect does occur, but it is not responsible for 
the bulk of the flow stress anomaly because the change in stress due to 
temperature is not reversible (Chapter 6). 
This leaves the following possible mechanisms: 
-martensitic transformation, because peaks that might be a result of this 
transformation were observed (Chapter 7) 
-spreading of anti-phase boundaries (APB) at higher temperatures, 
-cross slip, and  
- slip motion of climb-dissociated superlattice dislocations. 
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This research showed that the flow stress increased with temperature over the range 300-
600 K (Chapter 4).  The flow stress varied inversely with strain rate (Chapter 4 and 5) 
and occurred when the strain rate sensitivity was negative (Chapter 5).  This means that 
the work hardening rate is controlled by a diffusional process.  Because the flow stress 
anomaly is irreversible with changes in temperature (Chapter 6) it was shown on one 
hand that the flow stress depends on the concentration and arrangement of dislocations, 
not on the sample’s test temperature.  On the other hand, the rate at which dislocations 
lock and restrict the movement of other dislocations was dependent on temperature. 
YCu was shown to be softest in compression in the <111> grains where three 
independent slip systems were active.  The <100> loaded grains were the stiffest.  At 300 
K, the <100> grains began to deform plastically at 300 MPa total strain (the actual strain 
individual grains were under is unknown). This transition stress dropped as the 
temperature was raised.  This means that the addition of new slip systems increased the 
work hardening rate.  This could be a result of cross-slip causing more jogs in other 
dislocations. 
Alternately, the hardening could be caused by spreading of anti-phase boundaries at 
higher temperatures, slip motion of climb-dissociated superlattice dislocations, or 
martensitic transitions. 
 
Future Work 
"If wishes were horses, we'd all be eating steak." –Jayne, Firefly (1) 
The possible martensitic transformation should be investigated by straining more 
samples.  Since this transformation occurs only at high pressures, either an x-ray or 
neutron diffraction source equipped with a load cell should be used. 
Hardening caused by spreading of anti-phase boundaries and slip motion of climb-
dissociated superlattice dislocations can be tested by TEM, especially with strain-
equipped TEM stages. 
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It would also be advantageous to study the flow stress at temperatures below room 
temperature, because this would serve to improve understanding of flow stress behavior 
for YCu. 
The elastoplastic self-consistent polycrystalline model should be used to match the 
experimental texture, lattice microstrain, and work hardening behavior to the proposed 
slip systems and possible phase change.  The work of on CoTi and CoZr (2) can be used 
as a starting point. 
It would be advantageous to study the YSA in tension, because some B2’s show an 
asymmetry in tensile and compressive behavior (3). 
It would be informative to continue to study the YSA by testing single crystals.  Though 
some work was done (4), additional work at different temperatures would show how 
crystals with <100> orientation deform.  This is crucial information for understanding 
deformation in all highly ordered B2 intermetallics.  
The analysis could always be widened to include other rare earth B2 intermetallics. 
Load relaxation tests would provide information on activation volume and activation 
energy for dislocations (5) as well as diffusion rates (6).  The data from the SMARTS 
runs at 300 and 500 K could be used for these calculations. 
Several upper yield points occurred during the strain rate jump tests.  These data could be 
analyzed to calculate activation energies and activation volumes (7).    
Ten texture measurements using HIPPO at LANSCE could be done in one hour if 
samples were made and shipped to LANSCE.  Alternatively, deformation could be done 
in-situ as there are indications that the stress induced phase transformation, if it does 
occur, is reversible. 
YCu and the other rare-earth B2 intermetallics still hold the promise of many interesting 
discoveries to future investigators. 
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Stress-Strain Curves for YCu Sample 2 with 68 ppm Carbon 
 
973 K Annealed, Hot Rolled YCu 
Sample 2, 68 ppm Carbon
Compression Tested at a  Strain Rate of 10-2s-1  
Strain
-0.25-0.20-0.15-0.10-0.050.00
S
tre
ss
, M
P
a
-900
-800
-700
-600
-500
-400
-300
-200
-100
0
300 K
400 K
500 K
600 K
700 K
800 K
 
At a compression rate of 10-2s-1 the work hardening rate increases from 300 K to 700 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 2, 68 ppm Carbon
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At a compression rate of 10-3s-1 the work hardening rate increases from 400 K to 600 K.  By 700 K YCu has 
begun to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 2, 68 ppm Carbon
Compression Tested at a Strain Rate of 10-4s-1  
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At a compression rate of 10-4s-1 the work hardening rate increases from 300 K to 550 K.  By 600 K YCu has 
begun to soften. 
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Stress-Strain Curves for YCu Sample 5 with 162 ppm Carbon 
 
973 K Annealed, Hot Rolled YCu 
Sample 5, 162 ppm Carbon
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At a compression rate of 10-2s-1 the work hardening rate increases from 300 K to 700 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 5, 162 ppm Carbon
Compression Tested at a Strain Rate of 10-3s-1  
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At a compression rate of 10-3s-1 the work hardening rate increases from 300 K to 600 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 5, 162 ppm Carbon
Compression Tested at a Strain Rate of 10-4s-1  
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At a compression rate of 10-4s-1 the work hardening rate increases from 300 K to 600 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 5, 162 ppm Carbon
Compression Tested at a Strain Rate of 2 x10-5s-1  
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At a compression rate of 10-2s-1 the work hardening rate increases from 300 K to 700 K at which point YCu 
begins to soften. 
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Stress-Strain Curves for YCu Sample 6 with 148 ppm Carbon 
 
973 K Annealed, Hot Rolled YCu 
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At a compression rate of 10-2s-1 the work hardening rate increases from 300 K to 700 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 6, 148 ppm Carbon
Compression Tested at a Strain Rate of 10-3s-1  
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At a compression rate of 10-3s-1 the work hardening rate increases from 300 K to 600 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 6, 148 ppm Carbon
Compression Tested at a Strain Rate of 10-4s-1  
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At a compression rate of 10-4s-1 the work hardening rate increases from 300 K to 500 K at which point YCu 
begins to soften. 
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973 K Annealed, Hot Rolled YCu 
Sample 6, 148 ppm Carbon
Compression Tested at a Strain Rate of 2x10-5s-1  
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At a compression rate of 2x10-5s-1 the work hardening rate increases from 300 K to 500 K at which point YCu 
begins to soften. 
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Flow Stress at 3% Strain in YCu 
 
Flow Strength at 3% strain in YCu 
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Flow Strength at 3% strain in YCu
strained at a rate of 10-4 s-1
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Flow Stress at 5% Strain 
 
Flow Strength at 5% strain in YCu 
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Flow Strength at 5% strain in YCu
strained at a rate of 10-4 s-1
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Flow Stress at 10% Strain in YCu 
 
 
Flow Strength at 10% strain in YCu 
Temperature, K
300 400 500 600 700 800 900
Fl
ow
 S
tre
ss
, M
Pa
0
50
100
150
200
250
300
350
400
450
500
550
600
650
Stress at 10% strain
Stress at 10% strain in YCu
strained at a rate of 10-2 s-1, 10-3s-1,10-4 s-1
Temperature, K
300 400 500 600 700 800 900
St
re
ss
 a
t 1
0%
 s
tra
in
, M
Pa
0
50
100
150
200
250
300
350
400
450
500
550
600
650
YCu2   68 ppm C, annealed
YCu3   65 ppm C, no anneal
YCu4   65 ppm C, no anneal
YCu4   65 ppm C, annealed
YCu5 162 ppm C, annealed
YCu6 148 ppm C, annealed
Flow Strength at 10% strain in YCu
strained at a rate of 10-3 s-1
Temperature, K
300 400 500 600 700 800 900
St
re
ss
 a
t 1
0%
 s
tra
in
, M
Pa
0
50
100
150
200
250
300
350
400
450
500
550
600
650
YCu2   68 ppm C, annealed
YCu3   65 ppm C, no anneal
YCu4   65 ppm C, annealed
YCu5 162 ppm C, annealed
YCu6 148 ppm C, annealed
Flow Strength at 10% strain in YCu
strained at a rate of 10-2 s-1
Temperature, K
300 400 500 600 700 800 900
St
re
ss
 a
t 1
0%
 s
tra
in
, M
Pa
0
50
100
150
200
250
300
350
400
450
500
550
600
650
YCu2   68 ppm C, annealed
YCu4   65 ppm C, no anneal
YCu5 162 ppm C, annealed
YCu6 148 ppm C, annealed
 118 
Flow Strength at 10% strain in YCu
strained at a rate of 10-4 s-1
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Linear Fitted Work Hardening Rate in YCu  
 
YCu samples were tested with different concentrations of carbon, different heat treatments, and 
different strain rates.  The linear work hardening rate was calculated by fitting a line to the stress 
strain curve over the range 5-20% strain. 
Work Hardening in YCu 
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Work Hardening in YCu 
stress = M (strain) fitted from 5-20% strain 
strained at a rate of 10-4 s-1
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Strain Hardening Constant K Over 5-10% Strain  
 
YCu samples were tested with different concentrations of carbon, different heat treatments, and 
different strain rates.  This work hardening rate was calculated by fitting a line to the stress strain 
curve over the range 5-10% strain. 
Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
 strained at a rate of 10-2s-1, 10-3s-1, and 10-4 s-1
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Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
strained at a rate of 10-4 s-1
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Strain Hardening Exponent n Over 5-10% Strain  
 
YCu samples were tested with different concentrations of carbon, different heat treatments, and 
different strain rates.  This work hardening rate was calculated by fitting a line to the stress strain 
curve over the range 5-10% strain. 
Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
 strained at a rate of 10-2s-1, 10-3s-1, and 10-4 s-1
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Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
strained at a rate of 10-4 s-1
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Strain Hardening Constant K Over 10-20% Strain  
 
YCu samples were tested with different concentrations of carbon, different heat treatments, and 
different strain rates.  This work hardening rate was calculated by fitting a line to the stress strain 
curve over the range 10-20% strain. 
Work Hardening in YCu 
stress = K (strain)n fitted over 10-20% true strain
 strained at a rate of 10-2s-1, 10-3s-1, and 10-4 s-1
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Work Hardening in YCu 
stress = K (strain)n fitted over 10-20% true strain
strained at a rate of 10-4 s-1
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Work Hardening in YCu sample 2
68 ppm carbon, annealed 10 hrs at 700ºC 
and 100 hours at 500ºC
stress = K (strain)n fitted over 10-20% true strain
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Temperature, K
300 400 500 600 700 800 900
K
, M
pa
0
500
1000
1500
2000
10-2s-1
10-3s-1
10-4s-1
Temperature v 2*10-5s-1 
Work Hardening in YCu sample 6
148 ppm carbon, annealed 10 hrs at 700ºC 
and 100 hours at 500ºC
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Strain Hardening Exponent n Over 10-20% Strain  
 
YCu samples were tested with different concentrations of carbon, different heat treatments, and 
different strain rates.  This work hardening rate was calculated by fitting a line to the stress strain 
curve over the range 10-20% strain. 
Work Hardening in YCu 
stress = K (strain)n fitted over 10-20% true strain
 strained at a rate of 10-2s-1, 10-3s-1, and 10-4 s-1
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Work Hardening Exponent
Work Hardening in YCu 
stress = K (strain)n fitted over 10-20% true strain
 strained at a rate of 10-2s-1, 10-3s-1, and 10-4 s-1
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Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
strained at a rate of 10-2 s-1
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Work Hardening in YCu 
stress = K (strain)n fitted over 5-10% true strain
strained at a rate of 10-3 s-1
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Work Hardening in YCu 
stress = K (strain)n fitted over 10-20% true strain
strained at a rate of 10-4 s-1
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Work Hardening in YCu sample 2
68 ppm carbon, annealed 10 hrs at 700ºC 
and 100 hours at 500ºC
stress = K (strain)n fitted over 10-20% true strain
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Work Hardening in YCu sample 5
162 ppm carbon, annealed 10 hrs at 700ºC 
and 100 hours at 500ºC
stress = K (strain)n fitted over 10-20% true strain
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Work Hardening in YCu sample 6
148 ppm carbon, annealed 10 hrs at 700ºC 
and 100 hours at 500ºC
stress = K (strain)n fitted over 10-20% true strain
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Strain Rate Jump Tests 
 
YCu Strain Rate Jump tests
specimen 5, 1000 ppm added carbon 700ºC Annealed, Hot Rolled 
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At 300, 400, and 500 K, a strain rate jump from 10-4s-1 to 10-2s-1 resulted in a drop in the flow 
stress and a strain rate jump from10-2s-1 to 10-4s-1 resulted in an increase in the flow stress.  At 
600 K, the effect of a strain rate jump produced the opposite effect. The 600 K effect is likely the 
result of diffusion controlled creep.  At higher strain rates, diffusion controlled mechanisms of 
deformation are not able to act and thus the stress is higher. 
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YCu Strain Rate Jump tests
specimen 6, 500 ppm added carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rates alternateing between 10
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Yield point increase due to vacancy or solute enhanced hardening could be the cause of the 
increase in flow stress at lower strain rates and the negative strain rate sensitivity.  They should 
also result in upper yield points where the dislocations break free from constraining solute 
atmospheres.  
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YCu Strain Rate Jump tests
specimen 5, 1000 ppm added carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rates alternateing between 10
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When the strain was jumped from 10-4s-1 to 10-2s-1 there was an initial upper yield point when 
tested at 300 and 400 K.  At 500 K no upper yield point occurred. 
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YCu Strain Rate Jump tests
specimen 6, 500 ppm added carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rates alternateing between 10
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Cottrell-Stokes Plots for YCu 
 
YCu Reversible Strain Hardening
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YCu Reversible Strain Hardening
specimen 5, 162 ppm by weight carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rate of 10
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YCu Reversible Strain Hardening
specimen 5, 162 ppm by weight carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rate of 10
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YCu Reversible Strain Hardening
specimen 5, 162 ppm by weight carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rate of 2x10
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s
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YCu Reversible Strain Hardening
specimen 5, 162 ppm by weight carbon 700ºC Annealed, Hot Rolled 
Compression tested at Strain Rate of 2x10
-5
s
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YCu Reversible Strain Hardening
specimen 6, 148 ppm carbon by weight, Hot Rolled then 700ºC Annealed, 
Compression tested at Strain Rate of 10
-4
s
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YCu Reversible Strain Hardening
specimen 6, 148 ppm carbon by weight, Hot Rolled then 700ºC Annealed,
Compression tested at Strain Rate of 10
-2
s
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YCu Reversible Strain Hardening
specimen 6, 148 ppm carbon by weight, Hot Rolled then 700ºC Annealed,
Compression tested at Strain Rate of 10
-3
s
-1
 
Engineering Strain
0.0 0.1 0.2 0.3
En
gi
ne
er
in
g 
S
tre
ss
, M
Pa
0
500
1000
600 K 
600 K sample retested at 300K
300 K
300K
600K
300K
 
This sample likely underwent some annealing inside the furnace chamber before it was removed. 
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YCu Reversible Strain Hardening
specimen 6, 148 ppm carbon by weight, Hot Rolled then 700ºC Annealed,
Compression tested at Strain Rate of 10
-2
s
-1
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This sample, tested at 700 and 300 K, seems to show near complete reversibility to the change in flow stress.  
This is likely due to the 30+ minutes that the sample was allowed to cool inside the furnace before removal 
during which substantial annealing took place. 
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Stress vs. Macrostrain, Lattice Microstrain, and Peak Intensity for YCu 
Tested in SMARTS 
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Compression Axis data for YCu Tested in SMARTS at 500 K
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